Miniaturized synthesis of positron emission tomography (PET) tracers is poised to offer numerous advantages including reduced tracer production costs and increased availability of diverse tracers. While many steps of the tracer production process have been miniaturized, there has been relatively little development of microscale systems for the quality control (QC) testing process that is required by regulatory agencies to ensure purity, identity, and biological safety of the radiotracer before use in human subjects. Every batch must be tested, and in contrast with ordinary pharmaceuticals, the whole set of tests of radiopharmaceuticals must be completed within a short-period of time to minimize losses due to radioactive decay. By replacing conventional techniques with microscale analytical ones, it may be possible to significantly reduce instrument cost, conserve lab space, shorten analysis times, and streamline this aspect of PET tracer production. We focus in this work on miniaturizing the subset of QC tests for chemical identity and purity. These tests generally require high-resolution chromatographic separation prior to detection to enable the approach to be applied to many different tracers (and their impurities), and have not yet, to the best of our knowledge, been tackled in microfluidic systems. Toward this end, we previously explored the feasibility of using the technique of capillary electrophoresis (CE) as a replacement for the Bgold standard^approach of using high-performance liquid chromatography (HPLC) since CE offers similar separating power, flexibility, and sensitivity, but can readily be implemented in a microchip format. Using a conventional CE system, we previously demonstrated the successful separation of non-radioactive version of a clinical PET tracer, 3′-deoxy-3′-fluorothymidine (FLT), from its known by-products, and the separation of the PET tracer 1-(2′-deoxy-2′-fluoro-β-D-arabinofuranosyl)-cytosine (D-FAC) from its α-isomer, with sensitivity nearly as good as HPLC. Building on this feasibility study, in this paper, we describe the first effort to miniaturize the chemical identity and purity tests by using microchip electrophoresis (MCE). The fully automated proof-of-concept system comprises a chip for sample injection, a separation capillary, and an optical detection chip. Using the same model compound (FLT and its known by-products), we demonstrate that samples can be injected, separated, and detected, and show the potential to match the performance of HPLC. Addition of a radiation detector in the future would enable analysis of radiochemical identity and purity in the same device. We envision that eventually this MCE method could be combined with other miniaturized QC tests into a compact integrated system for automated routine QC testing of radiopharmaceuticals in the future.
Introduction
Microscale capillary electrophoresis (CE)-based devices are increasingly being used for high-resolution separations where portability, ease of integration, or small sample size are of particular importance. Recent examples include environmental analysis [1] , biomolecular separations [2, 3] , and mobile heath diagnostics [4] .
Another field that can benefit from the advantages of such devices is nuclear medicine, particularly in assessing patient safety of freshly prepared batches of short-lived radiolabeled imaging tracers for positron emission tomography (PET) or single photon emission computed tomography (SPECT). PET and SPECT are real-time, 3D medical imaging techniques with exquisite specificity and sensitivity for visualizing particular biological/biochemical processes depending on the tracer used. The information from a PET or SPECT scan is used clinically in the diagnosis of many diseases, prediction of response to therapy, and monitoring response to therapy [5] [6] [7] [8] .
Imaging is also an indispensable research tool for uncovering mechanisms of disease initiation and progression, developing new therapies, and measuring and optimizing the pharmacokinetic properties of new therapeutic compounds [9] . In the case of PET, the majority of scans are currently performed using the glucose analog 2-[
18 F]fluoro-2-deoxy-D-glucose ([ 18 F]FDG) since a wide range of conditions that can be detected via altered metabolism [10] [11] [12] , but there is a growing interest in visualizing a wide range of biological processes and receptors using other tracers [13, 14] .
Since PET tracers are classified as drug products by regulatory agencies, they must pass stringent quality control (QC) tests after their production for safety of the patient prior to injection. Unlike ordinary pharmaceuticals, the short lifetime of radiopharmaceuticals requires that they be produced in relatively small batches close to the geographical location where the patient is scanned. As described in regulatory documents (e.g., U.S. Pharmacopeia General Chapter <823> [15] and U.S. Food and Drug Administration 21 CFR Part 212 [16] ) and several review articles [17, 18] , each radiopharmaceutical batch must be evaluated for color and clarity, pH, radioactivity, radioisotope identity, chemical/radiochemical identity, radiochemical purity, residual solvents, chemical purity, pyrogenicity, and sterility. Performing and documenting the tests is cumbersome and time-consuming, and requires an array of expensive analytical chemistry equipment and significant dedicated lab space, and there is considerable interest in the development of automated and lower-cost approaches. Several efforts are underway to develop integrated QC testing instruments that automatically perform and document all of the required tests and calibrations, e.g., QC-1 [19] (Munster, Germany), Trace-ability [20] (Culver City, CA USA), and ABT Molecular Imaging Inc. [21, 22] (Louisville, TN USA). While potentially alleviating the labor burden, these systems are still based on conventional, macroscale instruments linked into an integrated system along with a sample distribution mechanism.
By replacing conventional analysis techniques with lab-ona-chip technologies, it may be possible to achieve significant reductions in the size, cost, and complexity of automated QC testing platforms, and potentially to increase sensitivity [2, 23] . Commercial microscale devices already exist for testing of endotoxins [24] , and there have been recent efforts to miniaturize some of the other tests, including radioactivity measurement [25] , radioisotope identity (half-life) test [25] , pH test [26] , color and clarity test [26] , and Kryptofix 2.2.2 test [27] . While these results represent an impressive step forward, high-resolution miniaturized chromatographic methods, suitable for assessment of chemical or radiochemical identity and purity across a wide range of tracers, are notably missing. Due to the potential presence of several impurities in each batch of PET tracer, and due to the wide variety of tracers and synthesis methods, performing these tests will likely require some kind of chromatographic separation followed by a radiation detector (e.g., gamma rays or positrons) and additional detectors for non-radioactive species (e.g., UV absorbance, refractive index, or pulsed amperometric detectors) to quantify each compound and ensure it is below permitted limits. The identity of each peak can be determined by matching the retention time to a reference standard (or by co-injection of the standard), or, in rare cases, via a mass detector.
In this paper, we focus on the development of a microscale CE-based device to replace the gold standard approach of high-performance liquid chromatography (HPLC) for this critical and challenging component of QC testing. We have been exploring CE methods due to the possibility of microchip implementation and corresponding reductions in size, cost, and complexity of the overall QC system. Microchip electrophoresis (MCE) has been shown capable of separating a vast range of analytes including large biomolecules (e.g., nucleic acids, proteins), peptides, and inorganic ions and chiral molecules [28, 29] simply by tuning the separation conditions. The versatility and separation power of CE have been noted to be equal to HPLC, or even better in some applications [30] . CE also avoids the use of high pressures, which simplifies the interface with other system components and eliminates the need for bulky and expensive high-pressure valves, pumps, and fittings. Additional advantages of CE are the ability to miniaturize the QC system into a microfluidic chip measuring 25 mm × 75 mm or smaller that is operated via a compact electronic control system and power supply, and the extremely tiny sample consumption (typically nanoliters).
Conventional [32] . Compared to traditional HPLC/UV, we observed similar separation resolution and limits of detection (LOD), but reduction in analysis time in some cases, and several orders of magnitude reduction in buffer and sample consumption. (In typical HPLC analysis of radiopharmaceuticals, sample volume is on the order of 10-100 μL, the flow rate is 1-2 mL/min, and the analysis time may be 5-30 min, consuming 5-60 mL of mobile phase. On the other hand, in MCE, the buffer consumption can be as low as 100 μL and sample injection volume is typically in the nanoliter range or lower.) However, to the best of our knowledge, there have been no reports on the miniaturization of these approaches to analyze chemical species relevant to the testing of radiopharmaceuticals. Here we describe a proof-ofconcept hybrid microfluidic CE device consisting of a hydrodynamic injection chip, a separation capillary, and a microfluidic optical absorbance detection chip to perform chemical identity and purity analysis of FLT and its known impurities. Potentially, with integration of a radiation detector in the future, this approach could also be used for radiochemical identity and purity tests. In addition, this approach could enable the fluid path to be inexpensive and disposable, reducing maintenance and eliminating the need for cleaning, further simplifying the testing process.
Materials and methods

Reagents
Sodium phosphate monobasic (NaH 2 PO 4 ), sodium phosphate dibasic dihydrate (Na 2 HPO 4 ), boric acid, sodium dodecyl sulfate (SDS), ammonium acetate, ethanol, sodium chloride (NaCl), sodium hydroxide (NaOH), thymine, thymidine, furfuryl alcohol (FA), 2′,3′-didehydro-3′-deoxythymidine (stavudine), and 3′ deoxy-3′-fluorothymidine (FLT) were purchased from Sigma-Aldrich (Milwaukee, WI, USA). Zidovudine impurity B (chlorothymidine, CLT) was purchased from LGC Standards (Wesel, Germany). Kryptofix2.2.2 (K222), 3-N-Boc-5′-Odimethoxytrityl-3′-Onosyl-thymidine (Boc-FLT) were purchased from ABX (Radeberg, Germany).
All samples were prepared with 18 MΩ deionized water using a Milli-Q® Integral Water Purification system (EMD Millipore, Billerica, MA, USA). Phosphate buffer (PB; 30 mM) was prepared via titration 100 mM solutions of NaH 2 PO 4 and Na 2 HPO 4 and monitored with a pH meter (Mettler, Toledo, Easy five, Columbus, OH, USA). SDS (100 mM) in 30 mM phosphate buffer (SDS-PB) was prepared by dissolving SDS in 30 mM PB. All buffers were degassed prior to use.
Miniaturized CE system
We combined the three key components (injection, separation, and detection) into a hybrid MCE system (Fig. 1) . One microfluidic chip, used for sample injection and containing the anode, was connected to the upstream side of a 60-cmlong, Teflon-coated fused silica capillary (75 μm I.D., 375 μm O.D; Polymicro, Phoenix, AZ, USA). A second microfluidic chip, used for sample detection and containing the cathode, was connected to the downstream side of the separation capillary. The capillary was connected to each chip via a port perpendicular to the channels within the chip.
All electronic components were connected to a digital acquisition (DAQ) module (USB 6211, National Instruments Corporation, Austin, TX, USA). A custom-written LabVIEW program (National Instruments Corporation, Austin, TX, USA) was used to coordinate the timing of all functions.
Injection chip
Though the commonly used technique of electrokinetic injection provides a very convenient means to inject samples in CE and MCE, this technique suffers from injection bias, i.e., solutes with higher electrophoretic mobilities are preferentially introduced, resulting in a difference between the composition of the original sample and that injected into the separation channel, as well as changing of the sample composition over time which interferes with repeat measurements [33, 34] . This bias and other sensitivities of this technique (to voltage, sample conductivity, sample pH, electrolysis, and the possibility of complex formation) [34] could prevent accurate assessment of diverse impurities in PET tracer samples. Thus, pressuredriven injection [34] , which avoids the above injection bias, was used.
The design of the microfluidic injection chip, shown in Fig. 2A , was adapted from the report of Li et al. [35] . The chip was fabricated from poly(dimethylsiloxane) (PDMS) using multilayer soft lithography [36] . Fabrication details and connection to the upstream end of the capillary are included in the Electronic Supplementary Material (ESM). The chip enables a controlled amount of sample to be loaded from the sample inlet port into the separation channel by momentarily opening a microvalve (v3) for a fixed time. An additional microvalve (v2) enables priming of the sample inlet to eliminate air. The sample was contained in a septum-sealed vial (Fisherbrand™ 2 mL screw thread autosampler vial, Thermo Fisher Scientific, Waltham, MA, USA). Pressurized nitrogen gas was supplied to the vial through an electronic pressure regulator (ITV0010-3BL, SMC Corporation of America, Noblesville, IN, USA). The vial also contained an outlet tubing (#30 PTFE tubing, Cole-Parmer, IL, USA) connected to the sample inlet port of the injector chip. In addition to the sample inlet, the chip also contained an inlet for buffer solution, which was similarly connected to a pressurized vial of the separation buffer (SDS-PB) and controlled via microvalve v1.
The detailed steps to perform sample injection are illustrated in Fig. 2B . Before use, the chip was first primed with buffer by closing v3, opening v1, and pressurizing the buffer vial (6.0 psi) until buffer started flow out of all the buffer wells (and also out the buffer waste well of the detection chip connected to the other end of the capillary). Next, the sample vial was pressurized (1.5 psi) and the sample inlet was primed by closing v1 and v3 and then opening v2 until sample was seen entering the sample waste vial. To load the sample, valve v3 was then opened for a fixed time to allow sample to fill part of the main channel in the chip. After the sample is loaded, all valves were closed and electrophoretic potential was applied to separate the sample.
On-chip microvalves were each controlled by the common port of an electronic solenoid valve (S070B-5DG, SMC Corporation), connected to the chip via #30 PTFE tubing. The solenoid valves switched between two states: (i) supplying pressurized nitrogen (35 psi) to close the on-chip microvalve, and (ii) venting to atmosphere to allow the onchip microvalve to open via elastic restoration of the PDMS. To avoid the generation of air bubbles inside the samplecontaining channels of the chip, the valve control channels were filled with water prior to use as previously described [37] .
Detection chip
In typical radio-HPLC systems used in the field of radiochemistry, the flow cell has a path length of~10 mm (10,000 μm). In the case of capillary electrophoresis in capillaries or microchannels, the optical path length (OPL) is much shorter (e.g., 30-100 μm) if light is directed, via a window, perpendicular to the flow through the capillary of microchannel. Because this short optical path reduces the absorbance Bsignal,^it typically results in a relatively poor LOD in CE systems compared to HPLC. This problem can be addressed by leveraging the ability to precisely control fluid geometry in microfluidic devices and implementing an increased optical path length. An in-plane Z-shaped detection cell design [38] was selected, due to the simplicity of chip fabrication and interfacing of the illumination and detection optical fibers.
The chip was fabricated from a single patterned layer of PDMS bonded to a PDMS substrate. Fabrication details, including connection to the downstream end of the capillary, are described in the ESM. The design (Fig. 3) includes fiber alignment channels to ensure accurate collinear alignment of both the optical fibers (i.e., to provide illumination via the external light source and detection via the external spectrometer) with a Bjog^in the sample channel representing the extended optical path within the chip [39] . Due to the elastic property of PDMS, the 125-μm OD optical fibers (ThorLabs, Newton, NJ, USA) are held stably in these channels by friction forces. The flat ends of the fibers sit flush against the flat end of the fiber channels, providing efficient optical coupling to the sample channel. Since PDMS absorbs strongly in the UV range [40] , it was desirable to minimize the thickness of PDMS membrane between the end of the fiber and the sample within the channel. A thickness of 100 μm was chosen as it provides good optical transmission (> 85% transmission for wavelengths > 220 nm), sufficient mechanical resistance to deformation, and high electrical breakdown voltage (~2000 V [41] , sufficient to sustain the CE potential at this point in the separation channel). In addition to the portion of each fiber alignment channel that is collinear with the optical path, there is a continuation that allows the air initially in the channel to be vented. All channels were 125 μm deep and 125 μm wide. Using the same depth for the fiber-aligning channels as for the fluid-containing channels simplifies the chip fabrication, requiring a single thickness of photoresist.
The performance of the detection chip was compared with two combinations of light sources and detectors, one with lower performance and one with higher performance. Detector 1 comprised a PX-2 pulsed xenon light source (Ocean Optics, Dunedun, FL, USA) and USB-4000 spectrometer (Ocean Optics), and Detector 2 consisted of a DH-2000-BAL continuous deuterium light source (Ocean Optics) and QE-Pro spectrometer (Ocean Optics). The PX-2 is~5× cheaper than the DH-2000-BAL; however, it has significant noise, which adversely affects LOD. The pulse-to-pulse variation in light intensity is in the range 3-12% depending on pulse frequency [42] , compared to an intensity drift of < 0.01% per hour [43] for the DH-20000-BAL. Similarly, the USB4000 is~20× cheaper than the QE-Pro, but has a lower signal-to-noise ratio (275:1 compared to 1000:1) and lower dynamic range.
While the current work serves as proof-of-concept for miniaturized analysis of PET radiopharmaceuticals, ultimately it will be necessary to incorporate a radiation detector with good spatial resolution to enable assessment of radiochemical identity and purity in addition to chemical purity. We are currently in the process of developing such an integrated detector for the detection chip and will publish these findings in the future.
Conditioning
After fabrication and assembly of the hybrid chip, it was conditioned prior to use. First, the chips and capillary were filled with water via the buffer inlet port at 10 psi for 30 min to ensure all air was purged from the system. The both ends of the chips were placed in a Petri dish containing a damp Kimwipe and wrapped with parafilm. Next, this procedure was repeated with 1 M NaOH to form hydroxyl groups [44] on the inner surfaces of the capillary and PDMS microchannels. The NaOH was removed during the buffer priming step of the sample injection process.
Separation
The separation voltage was provided by a 0-30-kV highvoltage DC power supply (HV350, Information Unlimited, Amherst, NH, USA). The tip of the high-voltage electrode wire was submerged in the separation buffer well of the injection chip and that of the ground electrode wire was submerged in the waste well of the detection chip. Electrodes were held in place by electrically insulated clamps mounted on a retort stand. Twelve kilovolts was supplied to achieve a field of2 00 V/cm along the separation channel. The total length of the separation path from the buffer well to the waste well was 62 cm. The effective separation length, i.e., injection point to the detector, was 61 cm. CE voltage was turned on or off using a solid-state relay in series with the high-voltage side of the circuit. During operation, DC current was monitored in realtime via a digital multimeter (Model 2831E, BK precision, Yorba Linda, CA, USA) to detect any abnormal behavior of the chip. For example, any air/gas bubble formation can lead to interruption of the current with intermittent electrical arcing; if this occurred, the high voltage was immediately interrupted and the fluidic system was reconditioned for2 min to purge any bubbles and to re-equilibrate the inner surfaces.
UV absorbance measurements
Methods for computing absorbance from the spectrometer signal are described in detail in the ESM. To create an electropherogram, spectrometer output was measured at a rate of 10 samples/s and converted to absorbance, starting at the time of injection.
Each electropherogram was analyzed using OriginPro 8.5 (OriginLab, Northampton, MA, USA) to determine peak migration times (t m , taken at peak center), peak widths (w 1/2 , full width at half maximum), as well as other values such as peak areas based on a Gaussian fit to each peak. Peaks were identified based on retention times determined by injecting standard compounds individually.
System characterization
Characterization of injection chip
For the purposes of characterizing the injector, the detection chip was not used; rather, detection of analytes was performed directly in the capillary using a four-way junction (PEEK The illumination and detection optical fibers were secured in the two perpendicular ports. Note that the effective separation length in this case was 54 cm. The total separation length between the buffer well of the injection chip and the waste vial was 61 cm and the separation voltage applied was + 12 kV.
To assess the sample injection repeatibility, successive injections of 5 mM thymidine were performed with a valve opening time of 800 ms (determined as described in the ESM).
Characterization of detection chip
Chemical purity tests are performed on radiopharmaceutical preparations to confirm the absence of impurities after the purification and formulation processes. For some impurities (e.g., Kryptofix K222, etc.), there are well-established limits based on toxicity studies that can safely be injected into patients. Unstudied impurities, provided they pose negligible risk of carcinogenicity, are typically limited to 1.5 μg per patient per day (5 nmol for a compound with molar mass of 300 g/mol). A typical radiopharmaceutical preparation has a volume of 1-10 mL (or larger) and contains sufficient material for one or more patient scans. In the conservative case (1 mL volume, 1 patient), this gives an upper permitted limit of 5 μM. To establish whether these levels can be detected in our setup, we have characterized the sensitivity of detection chip by measuring the LOD and limit of quantitation (LOQ) for varying conditions, including varying optical detection path length and varying optical systems.
To characterize the detection chip, the capillary was connected but the injection chip was not used. Instead, UV absorbance was measured when the detection chip was fully filled with several concentrations of each analyte. The absorbance was measured for each sample at the desired wavelength(s) for 1 min, and then averaged to obtain one data point. This procedure was repeated three times while flushing the optical path length with blank solution between each measurement. The three data points were then averaged to obtain an overall absorbance value for the particular concentration of the particular analyte. To minimize the impact of cross-contamination, the most dilute samples were measured prior to more concentrated samples. After performing a linear fit of absorbance versus concentration (i.e., Beer's Law), the LOD and LOQ were determined by calculating the concentration that corresponds to 3× and 10×, respectively, the standard deviation in background absorbance noise. UV absorbance was measured at 256 or 224 nm, corresponding to the wavelength of maximum absorbance for the model compounds used (see ESM).
Evaluating separation efficiency
To evaluate separation efficiency, we chose as a model system the PET tracer [ 18 F]FLT, for which the impurity profile is well known [45] . The synthesis scheme and the structurally similar side-products are shown in Fig. 4 . A mixture of FLT and byproducts (5 mM thymidine, 2 mM thymine, 2.5 mM furfuryl alcohol, 5 mM stavudine, 2.6 mM FLT, and 1.4 mM CLT) was injected to assess separation efficiency. Separation was performed with micellar electrokinetic chromatography (MEKC) since the compounds are all neutral.
Samples were injected via injection chip using a valve opening time of 400 ms (determined as described in the ESM). For each peak in the resulting electropherogram, the number of theoretical plates, N, was calculated as follows [46, 47] :
Benchmark comparisons
Performance was compared to separations on an analytical HPLC system as previously described [32] : Knauer Smartline HPLC system using a C18 Luna reverse phase column (4.6 mm × 250 mm, 5 μm; Phenomenex, Torrance, CA, USA). Detection was performed at 224 and 254 nm with an inline UV detector (model 2500, Knauer, Berlin, Germany). The HPLC mobile phase for FLT separations was 10% ethanol in water (v/v), at flow rate of 1 mL/min. All chromatograms were collected by a GinaStar analog to digital converter (Raytest USA Inc., Wilmington, NC, USA) and GinaStar software (Raytest USA Inc., Wilmington, NC, USA).
Comparisons were also made to previously reported results using a commercial (macroscale) CE system (PA800, Beckman Coulter, CA, USA) [32] .
Results and discussion
Sample injection
Injection repeatability of the PDMS injection chip was assessed by determining the consistency of peak area resulting from successive injections of single compound. The relative standard deviation (RSD) of peak area of successive injections of thymidine was 3.9% (n = 8). Since this performance was sufficient for remaining experiments to assess the feasibility of the hybrid MCE for chemical purity analysis, further optimization was not performed at the time, and remaining results are performed with this injector. However, peak area RSD < 2% is generally desired for quantitative analysis [48] . Li et al. reported a peak area RSD as low as 1.77% (n = 15) [35] , using a similar PDMS injection chip, but with an integrated separation channel rather than external capillary as used here. We suspect that dead-volume at the chip to capillary junction in our MCE setup (see discussion below) may be causing the variability.
Another way to improve performance may be to switch injection methods since the method can have a large impact on the peak area RSD. In HPLC, the amount of sample is measured volumetrically (by the injection loop), resulting in very high injection repeatability. Recently, we explored a novel volumetric injection technique for MCE and showed that a peak area RSD as low as 1.04% (n = 4) [37] could be achieved, even using an external capillary for separation. We are thus confident that a next-generation device incorporating a PDMS-based injector will achieve sufficient repeatability for radiopharmaceutical analysis.
Sample detection
Initially, we attempted UV detection directly in the capillary. The LOD and LOQ for several analytes, using both combinations of light source and detector, are shown in Table 1 . Even when the higher performance setup (Detector 2) was used for the in-capillary detection, LODs were all higher than 20 μM, and significantly worse than values previously measured for HPLC [32] . This is likely due to the much shorter optical path through the sample in the capillary, (i.e.,~75 μm, the inner diameter of the capillary) compared to the 10,000 μm flow cell in the HPLC system. The values were also significantly worse than those previously measured in a commercial CE system (5-11 μM; Beckman Coulter PA800) [32] , likely due to differences in the optical system, capillary environment (i.e., temperature-controlled in the commercial CE system), and signal processing.
To improve the LOD, a PDMS detection chip with a Zshaped extended optical path (500 μm) was implemented. In combination with the higher performance light source and detector pair (Detector 2), LODs ranged from 2 to 3 μM for the set of compounds with similar chromophore (thymidine, thymine, stavudine, FLT, and CLT), and 7 μM for furfuryl alcohol. Thus, the LOD values of the MCE setup are comparable to the performance of HPLC (i.e., 2 μM for stavudine and FLT, 35 μM for furfuryl alcohol) [32] , and are below the typical permitted limit of impurities found in radiopharmaceuticals. Detection performance is summarized in Table 1 for all system configurations. Since the desired performance was achieved, the 500-μm OPL was used in subsequent experiments. For a 500-μm OPL detection chip and Detector Configuration 2, we found the linear range of the various species to be as follows: 2 μM-5 mM (thymidine), 2 μM-5 mM (thymine), 7 μM-3 mM (furfuryl alcohol), 3 μM-5 mM (stavudine), 3 μM-5 mM (CLT), and 2 μM-5 mM (FLT).
We also explored the possibility to achieve similar performance with the lower-performance (and lower cost) light source and detector (Detector 1) by fabricating additional detection chips with different OPL. The LOD and LOQ values for thymidine and furfuryl alcohol in detection chips with different OPL are summarized in Table 2 . To more clearly see the effect of OPL, we note that LOD is defined as the concentration of analyte where the absorbance equals 3× the standard deviation of noise (N). Substituting into Beer's law, we can write LOD = 3N/ε/OPL, where ε is the molar absorbtivity. Thus, LOD is inversely proportional to the OPL and the data in Fig. 5 were thus fit to this function to extrapolate the OPL necessary to match the performance of HPLC. To achieve LOD = 2 μM for thymidine (and FLT and stavudine, which have an identical chromophore and thus similar absorbance), an OPL of 2500 μm would be required. Similarly, to achieve LOD = 35 μM for furfuryl alcohol, an OPL of 420 μm would be required. Thus, the PDMS detection chip with Detector 1 could match/surpass the detection sensitivity of HPLC by extending the optical path length to 2500 μm.
Separation of samples
Previously we showed that mixtures of FLT and its structurally similar by-products (thymidine, thymine, furfuryl alcohol, stavudine, and CLT) could be separated by HPLC and by a [32] . We analyzed similar samples to demonstrate the feasibility of injecting, separating, and detecting samples in the hybrid microfluidic system. First, we started with the simplest geometry that resembles the commercial CE instrument, i.e., a capillary-only (B0-junction^) system without any microchips connected (Fig. 6A) . For this method, the injection was performed electrokinetically, by inserting the upstream side of the capillary in the sample vial (2 mL, C4013-15A, Thermo Scientific), applying + 12 kV for 5 s, then moving the capillary back to the buffer vial prior to separation. Successful baseline separation of the sample mixture (FLT and five impurities) was achieved (Fig. 7A) .
Next, the injection microchip was added to the capillary to form a B1-junction^system (Fig. 6B) . Even though baseline separation was observed for most peaks, the first two peaks were not completely resolved (Fig. 7B ). Finally, we tested an integrated microfluidic system with injection chip, silica capillary, and detection chip (Fig. 6C ). An electropherogram is shown in Fig. 7C . While all expected peaks are discernible, baseline separation was not achieved among the three fastest eluting compounds (thymidine, thymine, and furfuryl alcohol). Qualitatively, it is clear that the peak width using the hybrid MCE device was greater than that for the 0-junction setup, leading to the reduced separation efficiency. This was confirmed by computing the number of theoretical plates, N, for each setup (Table 3) : it was found that N is significantly lower for the hybrid MCE device compared to the 0-junction setup.
To determine where improvements can be made, we analyzed another measure of efficiency: the plate height, H = L/N, where L is the effective separation length. Lower H values indicate more theoretical plates within the separation length, meaning a higher separation efficiency. Conveniently, H can be expressed as a sum of contributing factors (injection, detection, diffusion, and geometry) [49] : The injection and detection components are determined from the length of the injection plug (l inj ) and the length of the detection cell (i.e., OPL) (l det ), respectively [49] :
where L is the effective separation length.
The contribution of axial diffusion [47, 49] is given by:
where D a is the diffusion coefficient of the analyte and ν is the linear velocity of the analyte. The contribution due to the geometry is the most complex [49, 50] :
The first term can be ignored since our system does not currently use a separation channel with a serpentine pattern (n is the number of turns, ω is the width at the top of the channel (peak of the turn), θ is the turn angle). σ ni represents band broadening from non-ideal behavior of injected sample and Joule heating, and σ dv represents the broadening due to dead-volume. Both σ ni and σ dv are of unknown form that depends of geometric shape of the channel, channel material, and electric field gradients [50] .
Based on electropherograms, values of N, H, H inj , and H det were computed and are summarized in Table 3 (Detailed calculations can be found in the ESM). These results show that the contribution to peak broadening due to the detector (H det ) in the hybrid MCE (2-junction) device is negligible and broadening due to the injector (H inj ) is~1% for stavudine and < 1% for CLT. Thus, the major contributors to the broadening of peak width are H diff or H geo .
For the 0-junction CE system, H (total) was low, i.e., 6.41 and 6.38 μm for thymidine and CLT, respectively. Based on the well-defined computed values of H inj and H det , and ignoring H geo for the moment, maximum upper bounds on H diff for the 0-junction system can be estimated as~3.5 and~5.2 μm for thymidine and CLT, respectively. It is expected that broadening due to diffusion (H diff ) would have a similar value for the 1-and 2-junction (hybrid MCE) systems. This is because the analytes, buffer, and temperature were In addition, the elution velocities were very similar (e.g., for CLT, 0-junction velocity was 0.054 cm/s, 1-junction velocity was 0.038 cm/s, and 2-junction velocity was 0.045 cm/s). Thus, we expect H diff to have an upper bound of only a few μm for the 1-and 2-junction cases, and we can deduce that H geo must be the dominant factor for both.
Comparing the CLT peak from the 0-and 1-junction cases, there was a large increase in H (i.e., from 6.4 to 39), and comparing the 1-and 2-junction cases, there was another large increase (i.e., from 39 to 121). Since there are only minor expected differences in the injection, detection, or diffusion components of plate height, these increases must be due to geometric factors. Because of the strong increase in H as the number of junctions increases, the band broadening is likely occurring due to the geometry (e.g., dead-volume) at each capillary-to-chip junction.
The dead-volume could be reduced by various approaches such as precise drilling [50] or molding the capillary port [51] , or by tapering the capillary to fit directly in an in-plane microchannel [37, 52] . The geometry issue could also be addressed by integration of the separation channel directly into the chip (instead of using a capillary); this would eliminate the junctions altogether and simplify the overall setup, enabling a single integrated microfluidic device for injection, separation, and detection. Separation in PDMS channels has been reported by several groups [53, 54] , though some have reported challenges in maintaining stable surface conditioning [55, 56] . An alternative may be to perform separation using an embedded capillary [57, 58] . With an optimized chip, one could expect the total plate height H to be similar to the 0-junction case. Indeed, the elimination of one junction shows significant improvement in separation (Fig. 6B) , and elimination of both junctions shows further improvement (Fig. 6A) , achieving baseline separation of FLT and five impurities. An optimized hybrid (2-junction) MCE system with improved capillary junction is therefore expected to be capable of similar baseline separation.
In addition to addressing the dead-volume at the capillary junctions in this manner, optimization of other parameters could also be explored to maximize separation efficiency. For example, applied electrical field can be increased to increase the velocity of analytes, which would reduce diffusive broadening, and either allow reduced separation times or enable the use of increased separation length.
Conclusions
The use of miniaturization to reduce the equipment size and shielding needed for the chemical purity analysis of PET tracers is expected to be a key part of streamlining the QC testing process, and ultimately the overall tracer production Fig. 7 Separation performance. A Electropherogram from separation in a capillary-only (0-junction) setup. Peaks: 6 mM thymidine (peak 1), 3 mM thymine (peak 2), 5 mM furfuryl alcohol (peak 3), 6 mM stavudine (peak 4), 3 mM FLT (peak 5), 3 mM CLT (peak 6). B Electropherogram from separation in a 1-junction setup (i.e., injection chip with a capillary). Peaks: 5 mM thymidine (peak 1), 2 mM thymine (peak 2), 2.5 mM furfuryl alcohol (peak 3), 5 mM stavudine (peak 4), 2.6 mM FLT (peak 5), and 1.4 mM CLT (peak 6). C Electropherogram of sample mixture injected, separated, and detected with the hybrid MCE device (i.e., with 2 capillary-chip junctions). Peaks: 5 mM thymidine (peak 1), 2 mM thymine (peak 2), 2.5 mM furfuryl alcohol (peak 3), 5 mM stavudine (peak 4), 2.6 mM FLT (peak 5), and 1.4 mM CLT (peak 6) process. In this work, we have demonstrated the first proof-ofconcept experiments to show the feasibility of microfluidic implementation of chemical identity and purity tests of radiopharmaceuticals.
The novel hybrid MCE device consists of a PDMS injection chip, a silica capillary, and a PDMS detection chip. Sample injection was based on hydrodynamic injection using microvalves to achieve satisfactory reproducibility while avoiding the known injection bias of conventional electrokinetic injection. The detection chip enabled adjustment of the optical path length to tune the limit of detection. Though an extended path length of 500 μm resulted in LOD comparable to HPLC when the higher performance light source/detector pair was used, we showed that further extension of the optical path (e.g., OPL~2500 μm) could enable similar sensitivity even with the lower performance light source and detector, without significantly compromising the separation performance. In the integrated hybrid device, mixtures of FLT and impurities were successfully injected, separated, and detected. Even though FLT was successfully separated from all impurities, several impurity peaks were not fully resolved with baseline resolution. While the separation performance of the integrated device was lower than desired, a detailed analysis identified the capillary-chip junctions as the problem. Extrapolating from the performance when junctions are eliminated, we argue that a device with optimized junctions [37] could achieve the requisite performance. Furthermore, the optimized MCE device would be very much smaller than an HPLC system.
Unlike simple colorimetric tests that have been developed for determination of certain individual impurities (e.g., Kryptofix 2.2.2, a phase transfer catalyst frequently used in the synthesis of 18 F-labeled PET tracers), MCE-based testing provides a flexible way to assess different and multiple impurities, possibly by tuning separation conditions and/or adding detectors (e.g., electrochemical, pulsed amperometric, etc.) for detection of species with low UV absorbance. Furthermore, separation prior to detection greatly reduces the chance of false negatives or positives due to non-specific interactions that can occur in colorimetric tests. Due to the flexibility of a chromatographic approach, it is expected that this device could easily be applied to the evaluation of PET tracers other than FLT. Furthermore, integration of a radiation detector would enable assessment of radiochemical identity and purity in the same device.
In the long term, this device and other microfluidic QC tests could be combined in a unified lab-on-a-chip device for performing fully automated QC testing of radiopharmaceuticals. In addition to alleviating the burden of performing and documenting QC tests, such a system would reduce the amount of sample consumed for analysis, reduce the radiation exposure to personnel, and potentially reduce the time needed to complete all QC tests. 
